in 



00 






(N 



Solar Physics manuscript No. 

(will be inserted by the editor) 



Photospheric magnetic field: relationship between 
N-S asymmetry and flux imbalance 



E.S. Vernova • M.I. Tyasto 
D.G. Baranov 



(N 

s,^ ' Received: date / Accepted: date 

(N 



Abstract Photospheric magnetic fields are studied using Kitt Peak synoptic 
maps for 1976-2003. Only strong magnetic fields {B > 100 G) of the equa- 
torial region were taken into account. N-S asymmetry of the magnetic fluxes 
fv^ ■ is considered as well as the imbalance between the positive and the negative 

fluxes. N-S asymmetry displays a regular alternation of the dominating hemi- 
sphere during solar cycle: the northern hemisphere dominates on the ascending 
phase, the southern one on the descending phase. Sign of the imbalance does 
not change during 11 years from one inversion to the other and always coin- 
r^ [ cides with the sign of the Sun's global magnetic field in the N-hemisphere. The 

t^. domination of leading sunspots in one of the hemispheres determines the sign 

^ I of the magnetic flux imbalance. 

Both the sign of the N-S asymmetry of the magnetic fluxes and the sign 

^ I of the imbalance of the positive and the negative fluxes are related to the 

quarter of the 22-year magnetic cycle where the magnetic configuration of the 

Sun remains constant (from the minimum where the sunspot sign changes 

by Hale's law to the magnetic field inversion and from the inversion to the 

minimum). The sign of the N-S asymmetry is determined by the phase of the 

11-year cycle (before or after the inversion); the sign of the imbalance of the 

l/^ I positive and the negative fluxes depends both on the phase of the 11-year 

•n i cycle and on the parity of the solar cycle. The obtained results demonstrate 

fT^ I the connection of the magnetic flelds in active regions with the Sun's global 

^^ ■ magnetic fleld in the N-hemisphere. 
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1 Introduction 

Principal cause of all manifestations of the solar activity is the magnetic field 
of the Sun which, through the process of its development, displays a surpris- 
ing symmetry. Mag netic field of the Sun , displays the 22-year periodicity in 
two ways (see, e.g., ICharbonneauL 120101) . The first of 22-year cycles is re- 



lated to the global magnetic field of the Sun (as a magnetic dipole) with the 
change of the sign every 11 years, after the solar activity maximum. Another 
22-year periodicity is connected with local magnetic fields (magnetic fields of 
sunspots) . According to the Hale polarity law, at each minimum of solar activ- 
ity, sunspots of a new cycle appear in each of the Sun's hemispheres with the 
signs of the leading sunspots opposite to the signs of the following sunspots 
in the same hemisphere and opposite to the signs of the leading sunspots of 
the other hemisphere. The signs of the leading and the following sunspots are 
maintained up to the following minimum when sunspots of a new 11-year cycle 
appear with polarities opposite to the previous ones. Thus, the magnetic field 
of the Sun varies with 22-year periodicity which manifests itself both in the 
global magnetic field change, and in the change of local magnetic fields of the 
Sun. 

There exist certain regularities in the changes of the global and the local 
magnetic fields during a 22-year solar cycle. When considering both magnetic 
cycles as a unique process we see that in the course of a 22-year magnetic 
cycle there are moments when the relation between the polarities of the global 
and the local magnetic fields changes. These moments are related either to 
the change of the Sun's global magnetic field polarity during the high solar 
activity, or to the alternation of the polarities of the leading and the following 
sunspots at the solar activity minimum. Thus, during a 22-year cycle there 
are four intervals where the polarities of the global magnetic field and of the 
leading sunspots for each of the hemispheres are constant. These four intervals 
are: from the solar activity minimum to the Sun's magnetic field inversion and 
from the inversion to the next minimum in an even 11-year solar cycle, and 
analogously for the next odd cycle. The relations between the polarities of 
the global and the local magnetic fields will repeat themselves in the next 
22-year cycle. There is one remarkable feature which we will use further. For 
all ascending phases of the solar activity from a minimum to the inversion the 
sign of the global field always coincides with the sign of the leading sunspot 
in the same hemisphere: for the northern hemisphere for an even cycle these 
signs will be minus, and for an odd cycle - plus. 

Thus, in the large, the distributions both of the local and of the global 
magnetic fields exhibit a symmetry with respect to the solar equator. At the 
same time, an asymmetry is observed in magnetic fields, which manifests itself 
in three different forms: as the longitudinal asymmetry, as the North-South 
asymmetry, and as the asymmetry of the leading and the following sunspots 
in an active region. 

Division of a 22-year magnetic cycle into four intervals where the polarities 
of the local and the global magnetic fields are constant, turned out to be essen- 
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tial w hen considering the longitudinal distribu tion of sunspots (iVernova et al 



2004 ) and of photospheric magnetic fields (|Vernova. Tvasto. and Baranov . 



20071 ) ■ Longitudinal distribution for the ascend-maximum phase sharply differs 
from the longitudinal distribution for the descend-minimum phase. It turned 
out that active longitudes change by 180° when we pass from the ascending to 
the descending phase. The maximum of longitudinal distribution is achieved 
at 180° for the ascend-maximum phase when the polarities of the leading spot 
and of the global field coincide in each hemisphere, and at 0°/36G° for the 
descend-minimum phase when these polarities are opposite. 

An analogous patte rn of the active longitudes w as discovered f o r coro - 
nal mass ejections in [Skirgiello' ('2005!). Similar to IVernova et al.l ( 20041 ): 
Vernova. Tvasto. and Ba ranov (2007) two nearly antipodal longitudes domi- 
nated alternately: the domination of the longitude 180° coincided with ascend- 
maximum phase of the solar cycle, whereas the domination of the longitude 
30° coincided with descend-minimum phase. 

There also exists an asymmetry bet ween the leading a nd the 



following sunspots in an a ctive region (iBrav and Loughheadl Il979t 
Vitinskv. Kopeckv. and Kuklinl . Il986l) . ISolankil (J2003I) in his survey consid- 
ers the question: 'Why are leading polarity spots in an active region of- 
ten larger than following polarity spots?' as one of the important open 
questions. Asymmetry of the leading and the following polarities of an ac- 
tive region are of interest and are discussed i n many publications (see 
van Driel-Gesztelvi and Petrovavl Il990t iFanl . l2009l and references therein) . 

Another aspect of solar activity asymmetry is the North-South asym- 
metry which was discovered when investigating various forms of solar ac- 
tivit y, e.g., sunspots , flares , or sud den disa ppearances of solar pro minences 
(see ICarbonell et all . l2007l : IVermal . [2009; S vkora and Rvbakl . l2010l and ref- 
erences therein). It was observed that there are some common features 
i n the behavior of the N-S asymmetry for different solar activity indices 
(jVizoso and Ballesteii . llQQOt iLi and Gul . 120001 ). E.g., during the period of the 
norther n sunspot dominance, 78% o f solar flares were observed in this h emi- 
sphere (jSwinson. Shea, and Humbld . Il986[ ). However, it was shown by IRov 
( 19771 ) that the N-S asymmetry of solar flares does not follow the 11- or 22- 
year cycle of the occurrence of major flares. Periodic behavior of the North- 
South asymmetry of sunspot areas fsee lBallester. Oliver, and Carbonelj 12005 . 
and references therein) shows three significant peaks in the power spectrum 
with periods of 43.25, 8.65 and 1.44 years. For the N-S asymmetr y of sunspot 
groups the long-term p eriod has been found to be a bout 80 years (jWaldmeier , 
19571 IPulkkinen et al.i ll999') and about 110 years (| Vermal . I2OO9I ) . 

The N-S asymmetry is important for the topology of the interplan- 
etary space, and it influences both interplanetary and near-Earth space 
para meters. E.g., it affects the position of the heliospheri c current sheet 
(see iMursula and Hiltulal . l2003t IWang and Robbrechti l201l[ and references 
therein) and leads to a differenc e in the number of aw ay and toward interplan- 
etary magnetic field sector days (jSwinson et al.l . 119911 ). Since some mechanisms 



of cosmic ray modulation depend on the current sheet, the N-S asymmetry of 
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solar activity must be taken into consideration when investigating cosmic ray 
modulation. 

Of special interest in the framework of the present paper is the change of 
th e N-S asymmetry in t he co urse of 11-year solar cy cle. It was noted already 



Newton and Milsoml (|1955l ) and lWaldmeieiJ (|l97lh that the North will dom- 



inate at the ascending phase of t he cycle while the Sou th will dominate at the 
declining phase. It was shown in IVizoso and Ballesteii (|1987l ) that for the cy- 
cles 18-21 the sign of the N-S asymmetry of the sudden disappearance of solar 
prominences changed from positive to negative d uring the solar maximum at 
the tim e of the Sun's magnetic field inversion. lYadav. Badruddin. and Kumar 
dlOSOJ) studied the N-S asymmetry of solar flares and showed that the majority 
of flares was concentrated in the northern hemisphere before 1970 and in the 
southern hemisphere after 1970 (the year of the inversion). 

The heliographic distribution o f significant Ha and X-ray fla. res has been 
studied over the period 1975-1989 (|Curto and Gava-Piauell2009l ). where it is 
found that basically the northern hemisphere dominates at the ascending part 
of each solar cycle a nd th e southern hemisphere dominates at the descending 
part. In lLi and Gul (2000|) 20 different solar activity phenomena are collected 
to investigate solar activity in solar cycle 21 and it is shown that solar activity 
has a northern bias at first, then as the cycle progresses, southern predom- 
inance takes over. The existence of the pronounced N-S asymmetry in both 
the distribution and th e number of CMEs in cycle 23 observed by the SOHO 
spacecraft was found in iMinaroviech. Rusin. and Sanigal ( 20081 ) : this asymme- 
try is in favor of the northern hemisphere at the beginning of the cycle, and 
of the southern hemisphere from 2001 (the year of the inversion) onward. 

The behavior of the N-S asymmetry during the Sun's global magnetic field 
inversion is of special importance. The transition of the dominating role from 
the northern hemisphere to the southern on e during the time of t he inversion 
was found for sunspot area for cycles 16-22 ( Vernova et al.L 1200211 a nd fo r so- 
lar flare index and solar group area for solar cycles 21-22 (JKand . 12005 ). In 



IVernova et al.l (J2002I ) we studied the N-S asymmetry using a vectorial sum- 
ming of the sunspot areas which reduced the stochastic, longitudinally evenly 
distributed sunspot activity and, therefore, emphasized the more systematic, 
longitudinally asymmetric sunspot activity. We found a systematic alterna- 
tion of the dominating hemisphere during high solar activity periods which is 
reproduced from cycle to cycle. This effect was analyzed for cycles 16-22 by 
a superposed epoch method using the date of magnetic reversal in the south- 
ern hemispher e as the ze ro epoch time to obtain an average pattern of N-S 
asymmetry. In lKand (|2005;1 analogous patterns (though with slightly different 
lengths of the domination periods) were discovered for solar flare index and 
solar group area for solar cycles 21 and 22. 

Magnetic fluxes of the Sun and their imbalance were studied by many 
authors on the basis of different data characterizing magnetic activity. The 
problem of t he nature of the imbalance is widely discussed in the literature. 
As stated in iKotovl ( 20091 ) the theory cannot explain why, practically on the 
whole Sun, or, more precisely, on the visible hemisphere, the positive or the 
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negative field dominates for one year or more. The observed prevalence of the 
negative mean magnetic field of the Sun as a star in 1968-1969 and 1989-1990 
could not be compensated by the N field of polar regions. 

In IChoudharv. Venkatakrishnan. and GosainI ( 2002 ) the magnetic flux im- 



balance of active regions has been studied using the longitudinal magne- 
tograms obtained from the National Solar Observatory at Kitt Peak. The 
median value of the flux imbalance in 137 active regions is found to be about 
9.5%. The global flux imbalance in the active latitude zone of 10°-40° is solar- 
cycle dependent. The flux imbalance is reduced to less than 5% when the active 
zones located in both hemispheres are considered. 

As evidenced by the results considered above, there exist numerous man- 
ifestations of asymmetric features of solar activity and Sun's magnetic flelds. 
Further research is needed to combine all variety of these phenomena within 
the frame of the generalized model of the solar dynamo. 

The present paper is concerned with the asymmetry of strong photospheric 
magnetic fields {B > 100 G) of the equatorial region (heliolatitudes from —40° 
to -1-40°). We consider the North-South asymmetry of the magnetic fluxes as 
well as imbalance between the positive and the negative fluxes. 

In Section [2] we describe the used data and discuss the method applied 
in the paper. Section [3] is devoted to the N-S asymmetry of the photospheric 
magnetic held. In Section 2] positive and negative magnetic flelds and their 
imbalance in each of the solar hemispheres are considered. Imbalance of pos- 
itive and negative magnetic fluxes for the whole latitude range from —40° to 
-|-40° is considered in Section [5j while in Section [6] we are concerned with the 
relations between the imbalance of the fluxes and the properties of the leading 
and the following sunspots. In Section[7]we discuss and interpret the obtained 
results and draw our conclusions. 



2 Data and Method 

For this study synoptic maps of the photospheric magnetic field produced at 
the National Solar Observatory /Kitt Peak (available at http://nsokp.nso.edu) 
were used. These data cover period from 1975 to 2003 (Carrington rotations 
Nos. 1625-2006). As the data have many gaps during initial period of obser- 
vation we have included in our analysis the data starting from Carrington 
rotation No. 1646. Synoptic maps have the following spatial resolution: 1° 
in longitude (360 steps); 180 equal steps in the sine of the latitude from -1 
(South pole) to -1-1 (North pole). Thus every map consists of 360 x 180 pixels 
of magnetic fiux values. 

Strong magnetic fields of both polarities occupy relatively small part of the 
Sun's surface. Magnetic field strength for the period 1976-2003 shows nearly 
symmetric distribution with 98.7% of values in the — 100 G interval, whereas 
pixels with magnetic strength above 100 G occupy 1.3% of the solar surface 
only. Even so, the total number of the latter pixels is large enough: it amounts 
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to 3 X 10^ for 1976-2003 allowing thus the detailed analysis of strong magnetic 
fields and their time changes. 

In the present paper we have focused our attention on the photospheric 
magnetic fields connected with solar active regions. Therefore we have limited 
our research to the near-equatorial and strong magnetic fields. From here on 
only equatorial magnetic fields will be considered, i.e. heliolatitudes from —40° 
to +40°. For calculation of the magnetic flux only pixels with the magnetic 
field strength above 100 G were selected. Such approach allows to investigate 
changes of the photospheric magnetic field connected with active areas on the 
Sun among which bipolar sunspot groups play the important role. For each 
synoptic map magnetic fluxes for the northern and for the southern hemi- 
spheres have been analyzed separately. Fluxes for positive and negative mag- 
netic fields have been calculated for each of hemispheres. Thus, for each syn- 
optic map four different characteristics of magnetic flux have been obtained: 
F^°^, F^'^^ , Fg°'' , Fg'^^ . Time changes of these fluxes, as well as time changes 
of the difference between positive and negative fluxes have been studied. 



3 N-S asymmetry of the photospheric magnetic field 

We consider the total flux of the northern hemisphere (latitudes from 0° to 
+40°) as the sum of absolute values both of positive and negative fluxes, 
Fjv = |^^°*| + \Fj!f^\, and the total flux of the southern hemisphere (latitudes 
from 0° to -40°) as Fs = |F^°"| + {Fg^'^l, respectively. 

In Fig. [T] total magnetic fluxes for the northern hemisphere and for the 
southern one are shown. To exclude random fluctuations, flux values were 
smoothed using adjacent averaging over 20 solar rotations. Both fluxes change 
following the 11-year cycle of solar activity. However, some differences between 
fluxes of the northern and the southern hemispheres can be seen. During the 
ascending phase of the solar cycle the northern hemisphere dominates, whereas 
during the descending phase the southern hemisphere always dominates over 
the northern one. These features occur regularly throughout solar cycles 21-23. 

This result becomes more evident if one considers the difference of fluxes 

AF^s = ilF^l + \Fr\) ~ i\Fr\ + iF'ri), (1) 

that is, the North-South asymmetry of the magnetic field (Fig. ^. It can be 
seen that the difference AFj^s is close to zero during periods of low solar 
activity. In each of the solar cycles the difference passes through zero twice: 
during the global magnetic field inversion and during the solar minimum. 
As a result, we see regular change of alternately dominating hemispheres. 
On the ascending phase (from the solar activity minimum to the inversion) 
the northern hemisphere always dominates (the difference has positive sign). 
During inversion the difference becomes negative, i.e. the leading role passes 
to the southern hemisphere. Domination of the southern hemisphere continues 
from the inversion to the next minimum. Near the solar activity minimum the 
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Fig. 1 Photospheric magnetic flux: northern hemisphere {F]\ 



\Fr\ + l-^r'l) - blue 
curve; southern hemisphere (.F^ = |_FS°''1 + l^g*^"!) - red curve. Only strong magnetic fields 
(-B > 100 G) of the equatorial region (heliolatitudes from —40° to +40°) were taken into 
account. Periods of the northern hemisphere domination are marked by blue shading. Red 
shading marks the southern hemisphere domination. Vertical lines show the change of the 
dominating hemisphere. 



sign of the difference clianges again and the northern hemisphere becomes the 
dominating one. 

Thus, we come to the fohowing conclusions. We have considered North- 
South asymmetry of the photospheric magnetic field for almost three solar 
cycles (21-23 solar cycles) and for each of them we have observed the same 
rule of the N-S asymmetry change in the 11-year solar cycle. This rule can be 
formulated as follows. Each of the 11-year cycles can be divided in two parts: 
the ascending phase and the descending phase of solar activity. For each of 
these parts the following effects take place: 

1. On the ascending phase the northern hemisphere always dominates over 
the southern one; 

2. During inversion the dominating hemisphere changes so that on the 
descending phase up to the solar minimum the southern hemisphere always 
dominates. 

This effect can not be seen in the N-S asymmetry averaged for long time 
periods such as 11-year cycle or longer. On the other hand, strong fluctuations 
mask the effect if one considers small time intervals. Yet these features are 
clearly seen after averaging of the data over 20 solar rotations. Maxima of the 
N-S asymmetry amount to ~ 30% of the average magnetic flux for 1976-2003. 
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Fig. 2 N-S asymmetry of the photosphcric magnetic flux (red line): AFi^s = {{F^" 






) ~ d-Fg""! + l-Fg'^^I). Periods of the northern hemisphere domination are shown by 
blue shading; red shading corresponds to the southern hemisphere domination. Vertical lines 
show the change of the dominating hemisphere. Wolf numbers (blue line) are plotted for 
comparison of magnetic flux changes with the solar activity cycle. The change of the N-S 
asymmetry sign is marked by squares (ascend phase of the solar cycle) and by circles (period 
of the global magnetic field inversion) . 



The close connection of asymmetry with the solar cycle phase is clearly seen 
during the three cycles. 

We emphasized in Introduction that characteristic points of the 22-year 
magnetic cycle play important role for the solar activity development. These 
points are: 1) inversion of the global magnetic field of the Sun (after the solar 
activity maximum) and 2) change of sign of the leading and the following 
smispots in each of the hemispheres according to the Hale law (in solar activity 
minimum) . Between these points the sign of the global magnetic field and the 
sign of the leading sunspots for each of the hemispheres will be constant. Thus, 
for each quarter of the 22-year magnetic cycle the polarities both of global and 
of local magnetic fields of the Sun will remain constant. 

As was shown, on the ascending phase up to the inversion, the magnetic 
fiux of the northern hemisphere always dominates when compared with the 
fiux of the southern hemisphere. At this time the leading sunspots of the 
northern hemisphere have the same polarity as the global field in the northern 
hemisphere. After the inversion the sign of the global field in the northern 
hemisphere coincides with the sign of the leading sunspots in the southern 
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Table 1 Polarity of solar magnetic fields and N-S asymmetry 



Solar cycle 



21 21 22 22 

from minimum from inversion from minimum from inversion 

to inversion to minimum to inversion to minimum 



Quarter of the 
22-year period 


I 


II 


Ill 


IV 


Global magnetic 

field sign: 

N hemisphere 


-1- 


- 


- 


+ 


Dominating 
hemisphere 


N 


S 


N 


s 


Leading sunspot: 

dominating 

hemisphere 


+ 


- 


- 


+ 


Sign of the flux 
imbalance 


+ 


- 


- 


+ 



hemisphere. At the same time, we see that the dominating hemisphere has 
changed too: domination passes to the southern hemisphere. 

Important conclusion fohows: the leading sunspots of the dominating hemi- 
sphere always have the same polarity as the global magnetic field in the north- 
ern hemisphere. 

These results are summarized in Table [T] The 22-year period (cycles 21 
and 22), divided into four quarters is presented. It is usual to combine in a 
22-year magnetic cyc l e two consequent solar cycles starting with an even one 
(JGnevvshev and Oh]| . ll948l) . As we have no data for the whole 23rd cycle, we 
consider the odd-even pair of cycles). The first quarter of the 22-year period 
includes the ascending phase of the 21 cycle from the minimum to the inversion; 
the second quarter is a period of the descending phase of the 21st cycle from 
the inversion to the minimum. Similarly, the 22nd cycle is divided in 2 parts. 
For each of these quarters the following characteristics are shown: 1) the global 
magnetic field sign (northern hemisphere); 2) the dominating hemisphere; 3) 
the sign of the leading sunspots of the dominating hemisphere. Regular change 
of dominating hemispheres can be seen in Table [TJ as well as the coincidence 
of the global magnetic field sign in the northern hemisphere with the sign of 
the leading sunspots of a dominating hemisphere for each of the quarters. 

These features of the N-S asymmetry of magnetic field can be expressed by 
the following equation establishing the law of the N-S asymmetry sign change 
for two parts of the 11-year cycle - before the global magnetic field inversion 
and after it: 



sign AFns = (-l)''+\ where fc = 1, 2 



(2) 



(fc = 1 corresponds to the interval from the minimum of the 11-year cycle 
to the inversion; fc = 2 corresponds to the interval from the inversion to the 
minimum). This formula shows that from the minimum to the inversion the 
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northern hemisphere will always dominate, whereas from the inversion to the 
minimum the dominating hemisphere will be the southern one. 

For the three cycles considered by us, Equation ^ describes correctly 
the change of the N-S asymmetry of magnetic fields shown in Fig. [51 As it 
has been stated in Introduction, a number of works established the change of 
dominating hemisphere for the ascending and descending phases of the solar 
cycl e. This effect was obse r ved fo r different manifestations of the solar activity 
(see IVizoso and Ballesteij . Il987l and the references in Introduction). Rapid 



transition from the domination of the northern hemisphere to the domination 
of the souther n one after the magn etic field inversion has been obs erved for 
sunspot areas (| Vernova et al.l . 120021) and for solar flares (JKaneL 120051 ) . Reverse 



change from the southern hemis phere to the northern one during t he solar 
minimum was found for sunspots (jSwinson. Kovama. and Saitol . ll986l ). As the 



change of the photospheric magnetic field determines the cyclic change of 
various indices of the solar activity the proposed formula can be interpreted 
as a generalization of some of results cited above. 



4 Positive and negative magnetic fields and their imbalance for 
each hemisphere 

In the previous section absolute values of magnetic field were used to evaluate 
the total magnetic flux. Now we will consider the positive and negative fluxes of 
the photospheric magnetic held separately in order to study their imbalance for 
each of the solar hemispheres. As above, we take into account strong magnetic 
fields {B > 100 G) of the equatorial region (from -40° to +40°) only. In Fig. [3] 
both positive (-F^"' > 0, Fig. ^) and negative (F^'^^ < 0, Fig. ISb) magnetic 
fluxes for the northern hemisphere of the Sun are presented. Smoothed curves 
are shown which were obtained using adjacent averaging over 20 rotations. It 
can be seen that both fluxes show distinct 11-year periodicity. This is to be 
expected, as we consider the strong fields which are known to be connected 
with active regions. As a result, the magnetic flux drops almost to zero during 
minima of solar activity. 

Positive and negative fluxes are well correlated, nevertheless their difference 
AFn = \F^^\ — iFj^'^^l (net flux) shows regular changes closely connected 
with the phase of the 22-year solar cycle. The smoothed value of the difference 
AFn for the northern hemisphere is shown in Fig. S) Maxima of the difference 
amount to ~ 20% of the average magnetic flux for the northern hemisphere. 
Wolf numbers are shown for comparison with the solar cycle progression. The 
difference varies with the 22-year period and reaches extrema during maxima of 
solar activity. It should be noted that the difference is close to zero for several 
years around minima of solar activity (1984-1987 and 1995-1998). During 
these periods the difference passes through zero. Thus, from one minimum 
to another the sign of Zi-Fjv (the difference between positive and negative 
fluxes) does not change. In Fig. H] the sign of the leading sunspots in bipolar 
sunspot groups is shown. One can see that the sign of the difference coincides 
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Fig. 3 Fluxes of the strong magnetic fileds B > 100 G of the northern hemisphere (heliolat- 
itudes from 0° to -|-40°): positive (a) and negative (b) photospheric magnetic fluxes. Thick 
lines represent data averaged over 20 solar rotations. Triangles mark solar maxima (black 
triangles) and solar minima (white triangles). 



with the sign of the leading sunspots in the northern hemisphere. Evidently, 
the leading sunspots give greater contribution to the magnetic flux, than the 
following ones. 

Similar results are obtained for the southern hemisphere: the sign of the im- 
balance always coincides with the sign of the leading sunspots (Fig. [5]). Thus, 
positive difference corresponds to the time when the leading sunspots in the 
given hemisphere have positive polarity. Respectively, the negative difference 
corresponds to the period when the leading sunspots have negative polarity. 
This effect can be observed almost for three solar cycles both for the north- 
ern and the southern hemispheres of the Sun. It is seen, that the imbalance 
of positive and negative fluxes in each of the solar hemispheres shows 22- 
year recurrence directly connected with the Hale cycle. Absolute values of the 
imbalance for both solar hemispheres {\AFn\,\AFs\) closely follow sunspot 
activity for cycles 21 and 22 (Figs. I4I5|) . The correlation becomes somewhat 
poorer for the cycle 23, though the main effect can be observed in this case 
too: the change of the imbalance sign during solar minimum. 

These results agree with direct measurements of magnetic field of 
sunspots which give a greater magn etic flux for the leading sunspots in 
comparison with the following ones ( Vitinsky, Kopeckv, and Kuklinl . Il986t 
Choudharv. Venkatakrishnan. and Gosai n. 2002; Fan, 2009). It has been 
shown that the balance of magnetic fluxes is not observed for all classes 
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Fig. 4 Positive and negative flux imbalance AFj^ = \F^ \ — \F^ \ (northern hemisphere) 
- red line. Wolf numbers are plotted by the blue line. Sign of leading sunspots in the northern 
hemisphere for each of 3 solar cycles is shown. Statistical spread of averaged data is given 
for extremums of the imbalance curve. 



of the sunspot groups (jVitinskv. Kopeckv. and Kukliij . I1986I ). Moreover, the 
longitudinally averaged magnetic field of active regions does not turn into 
zero, the field sign being dete rmined by the polarity of the leading sunspots 
(|Obridko and Shel'ting . 120071 ). For the northern hemisphere during odd solar 
cycles magnetic fields with the N polarity slightly exceed in strength the fields 
of the opposite sign, occupying at the same time smaller areas. Note, that 
according to our results not only the strength B, but also the flux of positive 
fields in northern hemisphere {F ~ BS, where S is the sunspot area) exceeds 
the flux of the opposite sign during odd cycles. 



5 Imbalance of positive and negative magnetic fluxes for the whole 
latitude range from —40° to +40° 



Now we consider imbalance of positive and negative magnetic fluxes for the 
whole latitude interval from —40° to +40°. As earlier, we take into account 
only strong magnetic fields {B > 100 G). Positive (-F^°* + Fg°^) and negative 
^^^eg _|_ pneg^^ fluxcs are presented in Fig. [S] Changes of positive and negative 
fluxes look very much alike, both of them following the 11-year solar cycle. 
However, the difference of these fluxes, i.e. imbalance of positive and negative 
fluxes shows regular changes in the course of a 22-year solar cycle (see our 
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AF3= IF3-I - IF3--I 




Fig. 5 Positive and negative flux imbalance AFs = \Fg°''\ — \F^''^\ (southern hemisphere) — 
red line. Wolf numbers are plotted by the blue line. Sign of leading sunspots in the southern 
hemisphere for each of 3 solar cycles is shown. Statistical spread of averaged data is given 
for extremums of the imbalance curve. 



results in IVernova et al.l . 120091 ) . The difference between positive and negative 
fluxes AF is displayed in Fig. [71 where 



AF ■ 



ippo. 



F|° 



T^neg 



pneg^ 



(3) 



The difference was calculated for each of solar rotations, and then smoothed 
using adjacent averaging over 20 rotations. The smoothed value of the differ- 
ence is shown in Fig. [7] in comparison with the Wolf numbers. It can be seen 
that the difference between the fluxes depends on the level of solar activity. The 
difference becomes nonzero during periods of high solar activity and is almost 
equal to zero around minima of solar activity (1985-1988 and 1994-1998). 

In the upper part of Fig. [7] polarity of the global magnetic field in the 
northern hemisphere is displayed. Green circles mark the change of the imbal- 
ance sign. One can see that the imbalance changes its sign near to the global 
magnetic field inversions. Thus, the sign of the dominating flux remains con- 
stant within 11 years from a global magnetic field inversion up to the next one. 
From the minimum of 1976 to the inversion of the 21st cycle the imbalance is 
positive. During the inversion of the global magnetic field (1981) it becomes 
negative and keeps this sign up to the next inversion (1991). Then the sign of 
the imbalance changes and becomes positive again. Maxima of the imbalance 
amount to 4% of the average magnetic fiux. As Fig. [7] shows, the difference 
of fiuxes changes with the 22-year period, passing through zero near to the 
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Sunspot maxima 




2005 



Fig. 6 Positive and negative fluxes of the strong magnetic fields B > 100 G for both solar 
hemispheres together (heliolatitudes from —40° to +40°): positive (a) and negative (b) 
photospheric magnetic fluxes. Thick lines represent data averaged over 20 solar rotations. 
Triangles mark solar maxima (black triangles) and solar minima (white triangles). 



global magnetic field inversion. Thus, the difference of fluxes preserves its sign 
within 11 years from one inversion to another. The sign of the difference al- 
ways coincides with the global magnetic field sign in the northern hemisphere. 
Yet before the inversion the sign of the difference coincides not only with the 
global magnetic field sign in the northern hemisphere, but also with the sign of 
the leading sunspots in the northern hemisphere. In contrast, after the inver- 
sion the sign of the difference coincides with global magnetic field sign in the 
northern hemisphere and with the sign of the leading sunspots in the southern 
hemisphere. 

The sign of the imbalance for each of the four quarters of the 22-year 
magnetic cycle is shown in Table [1] as compared with the change of magnetic 
field polarities. 

Change of the sign of the positive and negative magnetic flux imbalance 
AF can be expressed by the following formula: 



signZ\F= (-1) 



(4) 



where n — 1,2 (n — 1 corresponds to the odd solar cycle, n = 2 to the even 
one); fe = 1,2 (fc = 1 corresponds to the interval of the 11-year cycle from 
the minimum up to the inversion; fc = 2 to the interval from the inversion up 
to the minimum). In this way, the imbalance sign will be determined by two 
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Fig. 7 Positive and negative flux imbalance for both solar hemispheres AF = |-F^°'' + 
Fs°"\ ~ IP'n"^ ^^T^l ^ ^'^'^ ^™*^ (heliolatitudes from -40° to +40°). Periods of the positive 
polarity domination are shown by the blue shading; green shading corresponds to the neg- 
ative polarity domination. Green circles mark the change of the imbalance sign. Statistical 
spread of averaged data is given for extremums of the imbalance curve. Wolf numbers are 
plotted by the blue line. Global magnetic field sign is shown for the northern hemisphere. 



factors: by the parity of the solar cycle on one hand, and by the phase of the 
11-year cycle, on the other hand. 



6 Imbalance of the fluxes and the asymmetry between the leading 
and the following sunspots 



We have seen that the sign of the imbalance of positive and negative fluxes 
remains constant for 11 years from one inversion to another and coincides with 
the sign of the global magnetic field of the Sun in the northern hemisphere. 

There arises a question: whether it is possible to specify one of the four 
magnetic fluxes {F^'' , F^*^^, Fg°^ , Fg'^^) which plays the dominating role and 
determines the imbalance sign? When considering the imbalance of positive 
and negative fluxes in the latitude range from —40° to +40° we take into 
account the fluxes both of the leading and of the following sunspots. Thus, the 
magnetic flux of positive polarity contains both the contribution of the leading 
sunspots of one hemisphere, and the contribution of the following sunspots of 
the opposite hemisphere. 

As for each solar cycle the sign of the leading sunspots in each of the Sun's 
hemispheres is known, it is possible to evaluate the imbalance of magnetic 
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Fig. 8 The same as in Fig. [7] for the flux imbalance of leading sunspots. 



fluxes for the leading sunspots only. For example, for the 21 solar cycle the lead- 
ing sunspots of northern hemisphere have positive polarity (-F^"" > 0), whereas 
the leading sunspots of southern hemisphere have negative sign {Fg'^^ < 0). 
Then the difference AFl — 1-^^°"! — l-Fs"^^! will represent the imbalance of 
magnetic fluxes of the leading sunspots during the 21 cycle. An analogous 
approach can be used for other solar cycles. The resultant imbalance of the 
leading sunspots is shown in Fig. |51 

It can be seen that all basic features of the total imbalance (Fig. [7]) are 
observed in the imbalance of the leading sunspot fluxes also (Fig. [8]). The 
sign of the dominating flux changes during the global magnetic field inversion 
remaining constant within 11 years up to the next inversion. As well as for 
the net flux (Fig. [T]), the imbalance is positive from the solar minimum to the 
inversion of the 21 cycle, around the inversion of the global magnetic field it 
becomes negative and keeps this sign up to the next inversion (Fig. [8]). Then 
the sign of the imbalance changes and becomes positive again. 

It should be noted that the imbalance of the leading sunspot fluxes is 
significantly higher than the total imbalance which includes all four fluxes 
{F^'^ , F^'^^ , Fg°'^ , Fg'^^). Maxima of the leading sunspot imbalance amount to 
~ 15% of the average magnetic flux. This effect occurs because the imbalance 
of the following sunspots is in an antiphase with the imbalance of the leading 
sunspots (Fig. [SJ. Moreover, the imbalance of the leading and the imbalance 
of the following sunspots are related by an almost linear dependence with the 
correlation coefficient R = —0.98. This means that domination of the leading 
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Fig. 9 Flux imbalance of leading (red line) and following (blue line) sunspots of both 
hemispheres. 
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Fig. 10 Correlation of positive and negative magnetic fluxes (21 solar cycle): (a) northern 
hemisphere - F^" and FVf^\ (b) southern hemisphere - Fg"" and Fg'^^ . Regression line is 
shown in red. R - correlation coefficient. 



sunspots of certain polarity is accompanied by the domination of the following 
sunspots with opposite polarity in the same hemisphere. 

Indeed, the absolute values of the leading and the following sunspot fluxes 
are very well correlated. For the 21 solar cycle flux values of the following 
sunspots are plotted against the leading sunspot fluxes in Fig. [TUk (northern 
hemisphere) and in Fig. [TUb (southern hemisphere). The correlation coeffi- 
cients are 0.97 and 0.98 respectively. On the contrary, the correlation becomes 
much poorer if one considers sunspots belonging to the opposite solar hemi- 
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spheres. For the same cycle the fohowing sunspot fluxes (the southern hemi- 
sphere) are plotted against those of the leading sunspot fluxes (the northern 
hemisphere) in Fig. 1111 The scattering of points is much stronger, the correla- 
tion coefficient being only 0.53. 

These observations are summarized in Table[2]where correlation coefficients 
are given for different combinations of the flux pairs (positive and negative 
fluxes, the northern and the southern hemispheres). Correlation coefficients 
between the leading and the following sunspots belonging to the same hemi- 
sphere show very high values. All correlation coefficients between the fluxes of 
different hemispheres are much smaller, fluctuating from 0.52 to 0.58. 



Table 2 Correlation coefficients for magnetic fluxes of the solar cycle 21 



Magnetic fluxes 



rpnag 



r-^neg 






p,pos 
r,neg 
r,neg 



0.97 



0.58 
0.53 



0.56 
0.52 
0.98 



Domination of the leading sunspots of one of the hemispheres over the 
leading sunspots of the other hemisphere is, therefore, accompanied by dom- 
ination of the following sunspots of the same hemisphere. Yet polarity of the 
leading and the following sunspots situated in the same hemisphere is oppo- 
site, therefore taking into account both types of sunspots (Fig. [7]) we observe 
the imbalance lower than that of the leading sunspots only (Fig. [8]) . 



21 solar cycle 
North vs. South hemispheres 




Flux (negative), 10 Mx 



Fig. 11 Correlation of negative magnetic fluxes of the northern {F^'^^) and the south- 
ern {Fg'^^) hemispheres (21 solar cycle). Regression line is shown in red. R - correlation 
coefficient. 
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Thus, the observed effect of the magnetic flux imbalance and its change 
should be assigned to the major contribution of the leading sunspot flux which 
exceeds the contribution of the following sunspots and determines the general 
sign of the effect. 

The following conclusions can be drawn on the basis of Figs. [3 HI and O 

1. The sign of the positive and negative flux imbalance remains constant 
within 11 years from one inversion of the global magnetic field to another 
coinciding with the sign of the global field in the northern hemisphere. 

2. The sign of the imbalance is determined by the prevalence of the leading 
sunspot flux in one of the hemispheres over the opposite one. 

3. If the leading sunspots of a certain hemisphere dominate over the leading 
sunspots of the opposite hemisphere, then the following sunspots of the first 
hemisphere will dominate over the following sunspots of the second one. 

N-S asymmetry and imbalance of positive and negative magnetic fiuxes 
represent though different yet closely connected features of the photospheric 
magnetic field. N-S asymmetry (as defined by the Equation ([1])) is the differ- 
ence of the total fluxes of the two solar hemispheres. In contrast, the imbalance 
of positive and negative magnetic fluxes represents the net flux of both hemi- 
spheres (Equation ([3])). 

The regular change of the magnetic flux N-S asymmetry described in Sec- 
tion [3] can be deduced from the above conclusions (l)-(3). Let us consider 
successively the four quarters of a 22-year magnetic cycle of the Sun (Tablc[T]). 

For the first quarter the imbalance was positive (AF > 0) due to the major 
contribution of the leading sunspots of the northern hemisphere which have 
positive sign during this period {F^°'^ > 0). Both positive and negative fiuxes 
(the leading and the following sunspots) of the northern hemisphere exceed the 
corresponding fiuxes of the leading and the following sunspots of the opposite 
hemisphere (|F^°''| > l^s^^^l ^^'^ l-^^'^^l > 1-^1°'' I) which means that the total 
magnetic flux of the northern hemisphere will dominate. 

For the second quarter the sign of the imbalance changes {AF < 0); now 
it is determined by the leading sunspots of the negative sign, i.e., by the lead- 
ing sunspots of the southern hemisphere. Both the leading and the following 
sunspots of the southern hemisphere dominate over the corresponding sunspots 
of the northern hemisphere. As a result, after the inversion the total flux of 
the southern hemisphere will dominate. 

For the third quarter the imbalance preserves the negative sign, yet after 
the solar minimum the leading sunspots of the negative sign appear in the 
northern hemisphere. Thus, negative sign of the imbalance points to the dom- 
ination of the leading sunspots of the northern hemisphere. Magnetic fluxes of 
the leading (following) sunspots in the northern hemisphere exceed the corre- 
sponding fiuxes of the southern hemisphere. Now the total flux of the northern 
hemisphere will dominate. 

For the fourth quarter the sign of the imbalance changes and becomes 
positive. It corresponds to the sign of the leading sunspots of the southern 
hemisphere. Donnnation of the leading (and the following) sunspots of the 
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southern hemisphere results in the prevalence of the total magnetic flux of the 
southern hemisphere. 

In this way, the magnetic flux imbalance and the N-S asymmetry proved 
to be linked together. 



7 Conclusions 

In the present paper we are concerned with the photospheric magnetic fields 
connected with solar active regions. Therefore, we confine ourselves to the 
study of the near-equatorial heliolatitudes (±40°) and strong magnetic fields 
{B > 100 G). For the northern and for the southern hemispheres, fluxes both of 
positive and of negative photospheric magnetic fields were evaluated to obtain 
four resulting fluxes: F^'^ , F^*^^ , F|°*, Fg*^^ . Since we consider the sunspot 
region and take into account strong fields only, the main contribution to the 
flux of positive (negative) polarity for each hemisphere can be attributed to the 
flux of the leading or the following sunspots with the corresponding polarities. 
Thus, each of the four fluxes may be considered as the flux of the leading 
(the following) sunspots in one of the hemispheres. Imbalance of the fluxes of 
positive and negative polarities manifests itself in two forms: as the imbalance 
of the fluxes within one hemisphere and as the total imbalance for the both of 
the hemispheres. 

1. Imbalance of the fluxes for an individual hemisphere. It is shown that for 
the leading and the following sunspots of one hemisphere, the moduli of their 
fluxes (for the 21st solar cycle) demonstrate a very strong correlation (the cor- 
relation coefficient 0.97 for the northern hemisphere and 0.98 for the southern 
hemisphere), in contrast to the fluxes of the sunspots from different hemi- 
spheres (the correlation coefficient changes from 0.52 to 0.58). However, the 
imbalance of the positive and the negative fluxes of the solar hemisphere shows 
significant (20%) systematic changes during the 22-year cycle. The sign of the 
difference between the positive and the negative fluxes is constant from one 
minimum to the next one and coincides with the sign of the leading sunspots 
in the corresponding hemisphere which implies the domination of the lead- 
ing sunspots flux over the flux of the following sunspots. Thus, the sign of 
imbalance is related directly to Hale's sign law cycle. 

2. Total imbalance. For the whole interval of heliolatitudes from +40° to 
—40° the difference between the positive and the negative fluxes (4%) also 
displays a 22-year periodicity, however, in contrast to any separately consid- 
ered hemisphere, the sign of the total imbalance changes during the period of 
the Sun's global magnetic field inversion. The sign of the imbalance does not 
change during 1 1 years from an inversion to the next one and always coincides 
with the sign of the Sun's global magnetic field in the northern hemisphere. It 
is shown that the imbalance of magnetic fluxes of the leading sunspots (15%) 
has the same sign as the total imbalance and is in antiphase with the imbalance 
of the fluxes of the following sunspots. Thus, the domination of the leading 
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sunspots in one of the hemispheres determines the sign of the magnetic flux 
imbalance. 

The features of the magnetic flux imbalance stated above can explain the 
N-S asymmetry of the magnetic flux and its change in the course of 11-year 
solar cycle. N-S asymmetry of the magnetic flux displays a regular alternation 
of the dominating hemispheres. On the ascending phase (from the solar ac- 
tivity minimum to the inversion) the northern hemisphere always dominates. 
During the inversion the dominating role passes to the southern hemisphere 
which prevails up to the next minimum. Near the solar activity minimum the 
northern hemisphere becomes dominating again. There exists a 22-year cycle 
in domination of magnetic flux with certain polarity, this polarity coincides 
always with the global magnetic filed polarity of the northern hemisphere. 

The domination of the leading sunspots in one of the hemispheres deter- 
mines the sign of the magnetic flux imbalance. At the moment of the inversion 
the relative roles of the leading sunspots change with subsequent domination of 
the leading sunspots with the opposite polarity. During the solar activity mini- 
mum when the leading and the following sunspots change their signs according 
to Hale's law, domination of leading sunspots of certain polarity remains. Be- 
fore the minimum leading sunspots of the southern hemisphere dominate, while 
after the minimum the leading sunspots of the northern hemisphere play the 
dominating role. Thus during the 22-year magnetic solar cycle we observe four 
periods with stable configuration of magnetic fields, i.e. periods (quarters) of 
constant polarities both of local and global magnetic fields: from the minima, 
where the sunspot sign changes by Hale's law, to the inversions of the Sun's 
global magnetic field and from the inversions to the minima. 

We have shown that both the sign of the N-S asymmetry of the magnetic 
fluxes and the sign of the imbalance of the positive and the negative fluxes 
are related to one of the quarters of the 22-year magnetic cycle where the 
magnetic configuration of the Sun remains constant. The obtained results make 
it possible to express the change of the sign of N-S asymmetry and for the sign 
of the magnetic flux imbalance by simple Equations ^ and (|3]). The sign 
of N-S asymmetry depends on the phase of the 11-year cycle only (before or 
after the inversion). On the other hand the imbalance sign depends both on 
the phase of the 11-year cycle and on the parity of the solar cycle. It follows 
that the asymmetry of the magnetic fleld distribution develops according to 
a regular pattern and is closely related to the evolution of the local and the 
global magnetic fields. 
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